In order to identify abnormal or pathological motions associated with clinically relevant questions such as injury mechanisms or factors leading to joint degeneration, it is essential to determine the range of normal tibiofemoral motion of the healthy knee. In this study we measured in vivo 3D tibiofemoral motion of the knee during gait and characterized the nonsagittal plane rotations and translations in a group of six healthy young adults. The subjects were instrumented with markers placed on intracortical pins inserted into the tibia and femur as well as marker clusters placed on the skin of the thigh and shank. The secondary rotations and translation excursions of the knee were much smaller than those derived from skin markers and previously described in the literature. Also, for a given knee flexion angle, multiple combinations of transverse and frontal plane knee translation or rotation positions were found. This represents normal knee joint motions and ensemble averaging of gait data may mask this important subject-specific information.
In order to identify abnormal or pathological motions associated with clinically relevant questions such as injury mechanisms or factors leading to joint degeneration, it is essential to determine the range of normal tibiofemoral motion of the healthy knee. In this study we measured in vivo 3D tibiofemoral motion of the knee during gait and characterized the nonsagittal plane rotations and translations in a group of six healthy young adults. The subjects were instrumented with markers placed on intracortical pins inserted into the tibia and femur as well as marker clusters placed on the skin of the thigh and shank. The secondary rotations and translation excursions of the knee were much smaller than those derived from skin markers and previously described in the literature. Also, for a given knee flexion angle, multiple combinations of transverse and frontal plane knee translation or rotation positions were found. This represents normal knee joint motions and ensemble averaging of gait data may mask this important subject-specific information.
Based on normative joint profiles, it may be possible to identify knee injury mechanisms that exacerbate degenerative joint disorders and knee pathomechanics. For example, tibiofemoral joint instability has been implicated in the progression of osteoarthritis (OA) of the knee. 13, 20, 34 Knowledge of knee pathomechanics may facilitate im-provements in surgical techniques, prosthetic design, injury prevention, and joint degeneration. 1 Additionally, biomechanical models of the knee have been used to identify the roles of joint ligaments and forces in controlling these motions. 28, 32, 47, 50 However, to identify mechanisms of anterior cruciate ligament (ACL) and other ligament and soft tissue injuries, three dimensional (3D) in vivo kinematic data representing tibiofemoral motions under physiological conditions are needed to drive these models. 50 Furthermore, it is essential to determine the range of normal tibiofemoral motion of the healthy knee before identifying abnormal or pathological motions associated with clinically relevant questions such as injury mechanisms or factors leading to joint degeneration.
Stereophotogrammetry (multiple cameras) combined with surface markers placed on the thigh and shank is most commonly used to track lower limb kinematics. With advances in high resolution optoelectric motion analysis systems, 3D tibiofemoral joint profiles are readily derived. Internal/external tibial rotations have been reported to be 11°with concomitant anteroposterior tibial excursions of 22 mm during the stance phase of gait. 16 However, movement artifacts from markers affixed to the skin contribute up to 4.4°and 13 mm of error to knee rotations and anteroposterior tibial translations, respectively. 12 The magnitude of these artifact errors may mask tibiofemoral motions, thus limiting the conclusions drawn from nonsagittal plane observations. 12, 25 To circumvent artifact associated errors, technologies have advanced the means by which skeletal tibiofemoral kinematics is measured. These include roentgenstereophotogrammetric analysis (RSA), 29 biplanar image-matching, 5 video fluoroscopy, 6, 15, 48, 49 and cine phase-contrast magnetic resonance imaging (PC-MRI) techniques. 22, 41, [44] [45] [46] Although PC-MRI permits imaging of knee motion and has been useful in comparing populations with ACL injury, 7, 8 transferring the kinematics of these cyclical knee flexion-extension motions to walking or other activities of daily living has not yet been established. Combined high-speed biplanar radiography and computed tomography (CT) has shown great promise during physiological knee motion. 10, 49 However, the limited field of view using these methods relegates analysis to only a brief portion of a movement trial and the technology is not readily available.
Given the aforementioned limitations, intracortical pins inserted into the tibia and femur combined with high-speed stereophotogrammetry remains one of the most accurate and valid means of measuring physiological knee motions during normal activity. 14, 25, 39 To date, few published studies have used this technique to describe tibiofemoral joint motion. 17, 23, 24, 26, 38, 42, 43 Levens et al 26 first used this approach to characterize a knee "locking mechanism" (this interaction was later termed the "screw-home mechanism") 19 caused by the relative motion of the tibia with respect to the femur as the knee extended during stance. Since then, nonsagittal plane rotations during level walking have been described using only 15 walking trials from seven healthy subjects 24, 42 with this in vivo approach. 42 In these studies, methodological concerns limited the interpretation of tibiofemoral translations to only eight trials from four subjects. 24, 42 Thus, we conclude although nonsagittal plane knee rotations and translations are commonly described in textbooks, 9, 33, 34 normative in vivo 3D joint kinematics remain largely unknown during physiological load bearing conditions like walking and is needed. 50 Furthermore, measuring knee joint motions during activities of daily living is essential for establishing normative data on knee mechanics because the interaction between knee flexion-extension and transverse or frontal plane motions (secondary motions) of the joint differ during loaded and unloaded conditions. 16, 21 Since joint loading is greatly affected by muscle contraction, this suggests the 3D kinematics derived from cadavers 27 or during static or quasi static motions 5, 22, 29, 41, [44] [45] [46] may not be transferable to the kinematics of the healthy knee during dynamic activity or activities of daily living.
We investigated and described in vivo tibiofemoral motions of healthy subjects during gait. Based on previous research using skin markers 16 we hypothesized a given knee flexion angle would produce multiple secondary motion profiles during various phases of the gait cycle. However, since skin markers are known to contribute large motion artifacts to the kinematic data, we also hypothesized these secondary motions would be exaggerated when measured with skin markers as compared to in vivo recordings.
MATERIALS AND METHODS
We analyzed data collected for a study that quantified the effects of skin movement artifact during gait. 12 Eight healthy male subjects with no history of knee injury or previous surgical treat-ment of the lower limbs were included. All participated in regular noncompetitive physical activity at least twice per week and showed no signs of previous knee injuries or health complications as determined by an orthopaedic surgeon (PW). Two subjects were excluded from the final analysis because of femoral pin bending and marker cluster rotation, respectively. The remaining six subjects (age, 26 ± 4.7 years; height, 176.6 ± 4 cm; weight, 76.3 ± 12.3 kg) were included. All subjects were informed of the risks involved with the procedures, including surgical implantation, testing protocols, and all possible complications. All subjects signed a consent form, and the study approved by of the ethics committee of the Karolinska University Hospital, Stockholm, Sweden. The surgeries were performed at the Department of Orthopaedics, Karolinska University Hospital, and data were collected at the Motor Control Laboratory, Astrid Lindgren Children's Hospital, Stockholm, Sweden.
Two stainless steel Apex self-drilling, self-tapping pins (3mm diameter, #5038-2-110 Stryker Howmedica AB, Malmö Sweden) were inserted into the distal femur and proximal tibia of the right leg under local anesthetic. The femoral pin was inserted between the iliotibial (IT) band and the quadriceps tendon superior of the vastus lateralis to minimize impingement problems. Triads consisting of three noncollinear 7-mm reflective markers (pin markers) were affixed to the pins (Fig 1) . Subjects were then instructed to stand and place equal weight on both legs with the knees fully extended; additional clusters of four 10-mm surface markers (skin markers) were affixed to the lateral and frontal aspects of the right thigh and shank. In addition, markers were placed on the right heel, fifth metatarsal, and lateral malleolus; however, we only report results from the knee kinematics ( Fig 1) .
Bone pin and skin marker trajectories were simultaneously tracked within a measurement volume of 1.1 m × 0.8 m × 0.9 m using four infrared cameras (ProReflex, Qualisys AB, Gothenburg, Sweden) sampling at a frequency of 120 Hz. The markers were tracked using QTrack software (Qualisys AB), and the raw 3D coordinates were exported and saved to a local computer for analysis.
Participants performed a series of normal walking trials along a 12-m walkway at a self-selected pace. Ground reaction forces (GRF) were measured simultaneously at 960 Hz using a Kistler force plate (Kistler Instruments AG, Winterthur, Switzerland) located midway through the measurement volume. Contact with the force plate and no evidence of targeting were required for a trial to be considered. Five measurement trials and a standing reference trial before and after each block of movement trials were recorded for each subject. Subjects stood in a neutral position with the knee maximally extended and were instructed to align their feet parallel to the force platform to define the tibial and femoral anatomical coordinate systems. The orientation of the target clusters from the first standing reference trial was matched against the second to verify the pins did not bend and the triad did not rotate during testing.
After the motion analysis recordings, RSA was performed with the target clusters still affixed to the pins to record the position of the markers and to define the tibial and femoral anatomical reference points. The leg was extended through a Clinical Orthopaedics and Related Research 82 Benoit et al biplanar calibration box (Cage 10, RSA Biomedical Innovations, Umeå, Sweden) and biplanar radiographs were recorded. All radiographs were taken with the subject supine and the knee flexed between 0°and 10°. The origin of the femoral reference frame was located at the deepest point of the intercondylar groove, whereas the origin of the tibial reference frame was located at the highest point of the medial intercondylar eminence (Fig 2) . The local coordinate systems of the femur and tibia were defined from the RSA using a convention similar to that of Lafortune et al 24 and has been described elsewhere. 12 We assumed the pins were rigidly fixed to the underlying bones to represent true bone motion. Potential sources of error that contradict this assumption include the pin moving in the bone, the marker cluster moving on the pin, the pin bending, or the pin vibrating during the gait cycle. 24, 30, 40, 43 We believe these factors did not contaminate the data for several reasons: (1) standing reference trials before and after each block of gait trials were used to verify the orientation and relative position of the marker clusters and detect pin movement or bending, and marker cluster rotation on the pin; (2) nonpermanent bends occurred within the accuracy range of our motion analysis system and bone-pin vibration was filtered using the low-pass filter 40 ; and (3) permanent pin bends were detectable from the RSA measurements and/or the standing reference trial. 40 These precau-tions resulted in removal of two of the eight subjects. The data from the six remaining subjects showed no signs of contamination.
Custom software (Matlab, Mathworks Inc, Natick, MA) was developed and validated to process the 3D kinematic information derived from the bone pins. The software, calculations and axis alignments were validated using a lower extremity model representing the knee and ankle articulations. We found internalexternal rotation errors of 0.47°and anteroposterior translations errors of 0.11 mm using this software and methodology. 11 The kinematic profile was described using the terminology and ordered sequences of the joint coordinate system. 18 Threedimensional pin marker coordinates from the standing reference trials were used to determine the transformation matrix from the laboratory reference frame to the bone-embedded reference frame. The in vivo (pin marker) and skin-marker-based kinematics were simultaneously recorded for each subject and shared the same anatomic coordinate systems, thus allowing direct comparisons of the data sets. The kinematic data were low-pass filtered at 12 Hz using a 20th order finite impulse response (FIR) digital filter (Matlab) as previously described. 12 Foot-strike (initial contact) and toe-off were determined using the force platform data, and the corresponding frame number was identified in the kinematic data. The kinematic data were normalized to 100% stance phase (foot-strike to toe-off ‫ס‬ 100%). Pre-foot-strike was expressed as a function of the normalized stance phase and ranges from −10% (or the longest duration of pre-foot strike for a given subject) to 0% (footstrike). A Kolmogorov-Smirnov test indicated the mean differences between skin and pin marker data were normally distributed (SPSS 9.0, Chicago, IL) and a post-hoc analysis of the rotation and translation data revealed the six remaining subjects return a study power of 85.96% (GPower 2.0, Bonn, Germany). Two-tailed paired sample t-tests were used to evaluate differences between in vivo and skin-marker-derived knee excursions using a probability of 95% (p ‫ס‬ 0.05) (SPSS 9.0, Chicago, IL). 
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RESULTS
Individual subject patterns generally described the ensemble average curves for flexion-extension ( Fig 3A) and adduction-abduction ( Fig 3B) ; however, individual strategies were noted in internal-external rotations throughout the stance phase. From heel-strike to approximately 80% stance there was little consistent change in abductionadduction angle (Fig 3B) , whereas the tibia gradually rotated externally throughout a range of approximately 10°( Fig 3C) . From 80% to 100% there was an approximately 5°adduction rotation pattern, and the tibia rotated internally by 5°until toe-off ( Fig 3B, 4C, respectively) . The tibia translated medially by approximately 3 mm from heel-strike to 20% stance ( Fig 3D) . Over the same period, there was a distraction of approximately 2.5 mm with approximately 1 mm of anteroposterior tibial translation ( Fig  3E, F, respectively) . From 20% to 80% the subjects displayed various patterns not reflected in the ensemble average curves; however, the shape of the curves from 0% to 20% and 80% to 100% generally were consistent. All data reported describe the origin of motion in the tibial and femoral anatomic reference frames. A distraction or compression ( Fig 3F) therefore represented the separation or approach, respectively, of the locations of these two points primarily because of the femoral head geometry, and did not necessarily imply separation of the articular contact surfaces.
As hypothesized, multiple secondary rotation and translation positions were recorded for a given flexion angle. At approximately 10°of knee flexion, which occurs at approximately 10%, 40%, and 80% stance, the in vivo tibial position was internally rotated a mean of 1.5°or externally rotated 0.75°and 3.75°, respectively. Meanwhile the skin marker data registers positions of 1.25°, 0°and 0°respectively ( Fig 4A) . At 15°knee flexion the tibia was positioned anterior at approximately 2.5 or 0 mm based on in vivo measures, whereas the tibia was positioned at 2.5 mm anterior or 9 mm posterior based on the skin marker data ( Fig 4B) .
Also, as hypothesized the in vivo knee excursions were smaller than those derived using skin markers (Table 1) . For example, the in vivo anteroposterior tibial translation excursions during the stance phase of walking was 6.5 ± 3.6 mm and was lower (p ‫ס‬ 0.001) than the excursions measured using skin markers (27.4 ± 8.6 mm) . In vivo knee flexion-extension also was smaller (3.6º; p ‫ס‬ 0.003) than that described using skin markers; however, this represented less than 10% error based on the total range of motion (ROM).
In general, comparing the in vivo and skin marker based kinematics ( Fig 5) revealed that the two measurement methods produce data which are not interchangeable. While the skin marker data generally described in vivo knee flexion-extensions and medial-lateral translations (Figs 4A, D, respectively) , other rotations and translation are not well represented by the skin-marker-derived kinematics. For example, the internal-external rotation kinematics derived from the skin markers predicted a small internal rotation at 60% stance, whereas the measured in vivo motion describes an external rotation ( Fig 5C) . In addition, the skin-marker-derived anteroposterior tibial translation predicted motions that do not reflect the in vivo tibiofemoral motion (Fig 5E) .
DISCUSSION
The purposes of the study were to investigate and describe tibiofemoral motions during gait. We tested the hypoth- 
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Benoit et al eses that the multiple secondary knee joint motion profiles would be present for a given knee flexion angle and that skin marker derived kinematics would overestimate in vivo knee excursions.
Our methods entail some limitations. First, inserting pins into the tibia and femur may affect normal gait patterns. One subject (Subject 2) displayed a knee stiffening strategy as manifested by a limited (12.5°) knee flexionextension excursion. The remaining five subjects had typical flexion extension excursions ( Fig 3A) and no subject was classified as an outlier. Second, as with all kinematic analyses the choice of coordinate systems can mask or exaggerate secondary rotations of the knee 35 or falsely indicate a screw-home mechanism. 36 In the RSA images we used to determine the origin and orientation of the anatomical coordinate we observed anatomical differences in the shape and orientations of the proximal tibia and distal femur across subject. This normal variation leads to small differences in the origins and orientations of the anatomical coordinate systems and may lead to kinematic cross-talk. As a precaution, we attempted to reduce crosstalk by reorienting the knee joint flexion axis to minimize abduction angle 36 however this did not reduce the secondary rotations. We therefore believe our data accurately represent the in vivo 3D kinematics of the tibiofemoral joint.
We found tibiofemoral joint rotations 24, 42 and translations 24 generally agreed with those previously reported using in vivo techniques (Fig 3) , including the frontal and transverse plane inter-subject kinematic profile variability. Knee flexion-extensions also reflected those reported using skin-marker-based techniques, 4 ranging from approximately 0°at heel-strike to 40°at toe-off ( Fig 5A) . 3, 31, 37 The so called 'screw home' mechanism was not pronounced during stance and was dependant on both the phase of the gait cycle and the individual subject being measured ( Fig 3C) . Given previous research, 24, 42 our findings of both an internally or externally rotated tibia with an extended knee position ( Fig 4A) and the inter-subject variability of this measurement (Fig 3C) , the relevance of the screw-home mechanism as an indication of normal knee motion 33 may not be applicable under physiological loading conditions.
Our study also confirms the findings of Dyrby and Andriacchi 16 of more than one tibiofemoral position for a given knee flexion angle during gait, although our in vivo excursions were lower then their skin-marker-based findings. These multiple positions for a given flexion angle were primarily observed for internal-external rotation and anteroposterior positions (Fig 4A, B) . As stated by Dyrby and Andriacchi, 16 joint loading seems the most likely candidate for this uncoupling. However, further investigations using neuromusculoskeletal modeling may help identify the contribution of muscle forces towards this uncoupling.
In general, our hypothesis that excursions derived using bone-pin mounted markers were smaller compared to skin- mounted markers was supported. In studies that used optimization techniques to reduce skin movement artifact, internal-external rotation ranged from 12.5°to 15°during the stance phase of gait 2, 4 and this is similar to our in vivo results (11°± 5.9°). The skin-marker-derived anteroposterior tibial translation values (27.4 ± 8.6 mm) we recorded were slightly higher then those reported using a skin movement artifact reduction technique (up to 25 mm). 2, 4 However, these anteroposterior translation values are much higher than our in vivo findings of only 6.5 ± 3.6 mm of tibial translation. This indicates descriptions of 3D kinematics of the knee from skin markers must be interpreted with care. 12, 25 In addition, we found that skin marker derived kinematics may indicate motions which contradict the in vivo kinematic joint motion profiles, in particular for anterior/posterior tibial translation and internal/external tibial rotations. Our results suggest kinematics data must be scrutinized before ensemble averaging when describing knee abduc-tion-adduction or internal-external rotations and tibiofemoral translations. The curve shapes for nonsagittal plane motions are as important as the total excursions, as indicated by the individual subject profiles (Fig 3) and those described previously. 24 Because ensemble averaging across subjects could mask nonphysiological descriptions of tibiofemoral joint motions, comparisons of individual subject ROM data from skin-marker-based measurements with in vivo based measurements (Table 1 ) may help detect when skin movement artifacts have contaminated tibiofemoral kinematics data.
Furthermore, it becomes clear from studying the individual subject in vivo kinematic data (Fig 3) that trying to establish normative joint profiles of the healthy knee to define pathological motions may be problematic. For example, in this highly controlled experiment normal intersubject variation in these healthy subjects indicates a medial or a lateral tibial position at heel strike ( Fig 5D) . This leads to the question: what would an abnormal tibial po- 
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Benoit et al sition at heel strike be since healthy subjects show such variability? Generally, the joint excursions are more consistent across subjects throughout the cycle (with the exception of one subject) and may be a more robust indicator of normal, or conversely pathological, motion.
We have described the in vivo kinematics of the knee during the pre-foot strike and stance phases of gait. We found secondary rotations and translations were generally smaller then those described using skin markers. The smaller in vivo frontal, sagittal, and transverse plane rotations and translations, combined with inherent individual subject variability, indicates ensemble averaging of gait data may mask important individual gait characteristics. 3 The shape of the motion curves and the total joint excursions reported in this study can be used to indicate the validity of knee kinematic data collected using skin markers. In addition, this study provides data of the 3D in vivo tibiofemoral motions of the healthy knee during physiological conditions that may be integrated into biomechanical models.
